Abstract − In this paper, a new technique in designing MultiAgent System (MAS) for power system reconfiguration and restoration is proposed. The designed MAS system is based on mimicking the human immune system behavior. The Immune system is a natural intelligent MAS where different components interact to heal the body. Similarly, the proposed multi-agent system is designed to detect and isolate faults, and restore power to the affected loads taking into consideration line capacity, voltage profile and power losses. The proposed approach is demonstrated on a model of Southern California Edison's Circuit of the Future.
The Multi-Agent System (MAS) technology is a branch of distributed intelligence that deals with concentrating the intelligence at the device or component level. By making the components of power systems intelligent, we shift the conventional centralized approaches to distributed and localized approaches thus reducing the human intervention. For example, by making a DG intelligent, which means that it has a knowledge capability, it can perform a self control by deciding whether to connect to the grid or not based on communication with other intelligent entities connected to the generation side or transmission side and have some key information about the state of the system like voltage profile or stability of the system. While multi-agent systems have been applied to several areas of power systems, such as voltage stability, electricity market pricing, protection coordination, little research has been done on power system reconfiguration and restoration. In [5] the authors have presented the restoration of a distribution power system with a radial configuration. In their model, they have addressed load priority and limitation on the generating source and transfer capacity. The agent model was developed in a JADE platform hosting different types of agents. Some authors have modeled the MAS as an Intelligent Power Router (IPR). These routers are deployed in a power distribution network to route the power the same way routers do in information distribution networks [6] . In [7] , the authors proposed distributed MAS for power system restoration, where they introduce Bus Agents to find a suboptimal target network configuration by interaction of these agents with a Facilitator Agent that acts as a manager in the decision process. In most of the work on power distribution system restoration and reconfiguration using MAS, the decision or the solution is found by relying on communication and negotiation of the agents. The Agents look for a path to restore the power without any prior knowledge on the effect of their actions on the voltage profile. While it might work for relatively small radial networks where no voltage violation or drop is expected, it is clear that for relatively large distribution systems, finding a path without checking for voltage violations is not a complete solution. Agents should have a priori knowledge of the voltage profile resulting from the reconfiguration they propose. In other words, the voltage profile plays an important role in choosing a target configuration for power restoration.
Multi-Agent Design for Power Distribution System Reconfiguration Based on the Artificial Immune System Algorithm Furthermore, if the system is not radial it becomes very complex to find a target configuration relying on communication alone since the power does not flow in one direction only like in a radial system.
In this work, a new technique of designing MAS using or mimicking the human Immune System (IS) behavior for power distribution system restoration and reconfiguration is proposed. The Immune System is the protector of human system, formed by millions of cells which together act as a highly intelligent multi-agent system. The designed multiagent system is capable of detecting and isolating the faults and finding a configuration target to restore the power. In the search for a configuration, the algorithm takes into account voltage violations, line capacities, and performs load shedding if necessary. This system has continuous learning through the interaction with the power system.
II. MULTI-AGENT SYSTEM
In this section, a brief definition of Multi-Agent System (MAS) is given as well as a reason for applying it to power systems. Weiss [8] defines an agent as "an autonomous computational entity such as software program that can be viewed as perceiving its environment through sensors and acting upon this environment through its effectors". So, a multi-agent system is composed of several of this kind of agents interacting with each other to achieve a global goal. Hence, this type of technology can allow us to distribute and localize the control of power systems. By incorporating intelligence at the device level the reliability of the system should improve dramatically since there no single point of failure as compared to the centralized control. For example, by incorporating an agent into a simple Relay, it turns the Relay into an intelligent entity that can decide for itself, and talk to other components rather than acting as a simple switching device. Especially in this era, where a power system is so complex and so large, sometimes the solution for a Relay is not just cutting the power, for instance in case of a high current caused by a DG penetration, but to reroute the power. Communication is the most important characteristic of a multi-agent system. It has to be simple and universal. In this work, the Agent Communication language ACL by FIPA (Foundation for Intelligent Agents) is adopted.
III. IMMUNE BASED MULTI-AGENT SYSTEM DESIGN
In this section, a multi-agent system as defined above is designed using an immune system approach. By observing natural systems, we realize that many of them act or form a natural multi-agent system. An ant or bee colony is one such an example. An Ant colony is formed by numerous ants; each of these ants can be viewed as individual agent possessing a certain degree of intelligence which allows it to act and decide on its own. Furthermore, these agents are capable of communicating to achieve some global objectives. Another interesting example is the Human Immune System. The Immune System is a highly organized, distributed and intelligent multi-agent system which is composed of millions of cells each of them acts as an independent agent. These agents work together and communicate to mount global strategies against any bacteria or viruses that invade the human body. The most important characteristic of the Immune System is the capability of learning and memorizing over time. By trying to mimic some of the behaviors of IS we shall design a Multi-agent system for power reconfiguration and restoration.
In the proposed architecture, different types of agents are designed, namely: MasterAgent, StudentAgent NodeAgent, LoadAgent, DGAgent. These agents are deployed throughout the power distribution system. Figure2 illustrates the deployment of the different agents for a simple power system. In the following, we shall define and design these agents.
Fig.2. Agents deployment

A. Designing the MasterAgent:
The MasterAgent is the main agent in a Multi-Agent system. It plays the role of a teacher and a global agent. Situated at the substation level, where more computational capability and information are available, it represents or mimics the Thymus in our Immune System. The Thymus is an organ located in the upper anterior portion of the chest cavity responsible for training and teaching the type of cells called T lymphocyte and has important information and characteristics of the body and its cells. Designing a MasterAgent in power systems implicates incorporation of some characteristics of the power system such as the topology of the network, voltage profiles for different configurations, the characteristics of different components and devices etc. Since the multi-agent system has to act, sense and adapt to changes in the power system in Real Time, the Clonal Selection Theory on how the immune system cells identifies, learns and adapts to destroy any exterior invasion is used to design this type of agents. This theory proposes that as antigen (bacteria) enters the body certain cells are selected based on their reaction to this antigen to undergo rapid cloning and expansion. Those cells with a sufficient affinity are allowed to produce offspring in relation to their degree of stimulus as illustrated in Figure 3 . Some cells transform into plasma cells and others are selected to become long lived memory cells which allow for a more rapid secondary response to the same or similar antigen. The cells will be modeled as actions and controls to the power systems such as tie switches, circuit breakers, load shedding, DG penetration etc, and the antigen will be modeled as faults in the power grid, overloading of the feeders, voltage violations etc. This algorithm will be imbedded as a part of the brain of the MasterAgent body through which it interacts. The second part of the agent will imbed communication and information exchanges with other agents.
B. StudentAgent:
This type of agents will be local and spread over the grid where not much computational capability and information are available. They make use of local information and measurements to take decisions. These agents represent the cells or specifically the T lymphocytes in an Immune System. The T lymphocytes get some sort of training and intelligence transfer in the Thymus. At the end of this training, lymphocytes are equipped with a very important body of information. They learn to identify the particular characteristics of the cells in the body. In some sense, the lymphocytes are taught the identities of the body cells. Finally, these cells leave the thymus loaded with information. By mimicking again the way these cells are designed, we can design these types of agents by putting them under training of the MasterAgent. To achieve this goal, an Artificial Neural Network is trained offline and incorporated in the body of the agents. Since these agents are distributed and do not have access to information other than their own area information an interaction and coordination with other agents is needed to apply any strategy or action on the system. One can go further and make these agents report to the MasterAgent at the substation level to test the solution the StudentAgents want to apply before any real action on the system is taken to ensure the outcome of the operation.
The following types of agents designed in this work are relatively simple and make use of predefined behaviors. Usually, these agents are located at the device level. Physically combined or separated from the devices, this kind of agents upgrades any device in the power grid to a certain level of intelligence and autonomy.
C. LoadAgent: this agent is located at the load. It has control over the load and can decide whether to shed the load or not depending on the state of the grid.
D.
NodeAgent: located at a node level, this agent senses the current, and has control over relays. It can communicate with neighboring agent to detect and isolate a fault.
E. DGAgent: this agent is associated with a distributed generator; it can decide whether or not to connect the generator to the grid depending on the state of the system and the use of the DG. This agent can communicate with other agents to make a decision.
In designing a Multi-agent system, one can combine two or three types of agents in one agent if desired. For example, by incorporating the LoadAgent behavior in the NodeAgent body where the load is connected we can eliminate the LoadAgent. However, the NodeAgent will be little bit complex since it has the additional responsibility of controlling the load.
IV. IMPLEMENTATION ON SCE'S CIRCUIT OF THE FUTURE MODEL
The technique presented above is implemented on a model of a Southern California Edison (SCE) distribution feeder known as the Circuit of the Future. The project is designed to test new hardware and automation technologies for circuit construction. The system consists of 66 buses, one substation, 2 distributed generators and 14 residential loads with some capacitor banks scattered throughout the grid as shown in Figure 4 . The system is divided into 3 zones connected via controllable switches. In case of faults, these switches are operated to change or reconfigure the system in order to feed the loads and restore the power in the isolated areas. In the following, a line fault is simulated between node number 1205 and 1005 as shown in Figure 4 . As soon as the fault occurs, AgentNodes seating on node 1205 and 1005 start communicating the current measured and decide to isolate the line. We can see from the figure the region which has been affected by the fault and the load at node number 1013 has lost power. Then, these agents report the location of the fault to the StudentAgent localized in that area of the circuit and a reconfiguration strategy is applied by collaboration with the SwitchAgent#4 to restore the power to the load at node number 1013. Figure5 shows the agents communication in the (JADE) Java Agent DEvelopment platform. In the figure below, we show the final solution and the new target reconfiguration.
Fig.6. System after agents reconfiguration
The phase A current at the fault location is shown in Figure 7 .
We notice the sudden increase in the current due to the fault. Figure 8 shows the phase current seen at node #1005. We notice that the fault is not seen at this location since the power is flowing form node 1205 to node 1005. The phase current of the load at node #1013 is shown in figure 9 . We notice that load lost power when the agent isolated the line, then fed after the agents performed the reconfiguration. 
